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This paper presents strength, stiffness, and porosity characteristics of commercially available cold-curing
epoxy adhesives for structural engineering applications in the ﬁeld of externally bonded and/or near-
surface mounted composite strip reinforcements. Depending on speciﬁc requirements, accelerated
curing of the adhesive under high temperatures might be necessary. Experimental investigations aimed
at assessing the possible differences in strength and stiffness between samples cured at elevated tem-
peratures for a deﬁned time span and the ones cured at room temperature. It could be demonstrated that
for the same specimen age, nominal tensile strength and stiffness are lower after an initial accelerated
curing process at elevated temperatures. Furthermore, it could be shown that the specimens after an
accelerated curing at elevated temperatures exhibited an increased porosity. The development of a
numerical code for image analysis allowed a detailed inspection of several fracture surfaces and sub-
sequently to assess the level of decrease in available cross-section due to an increased overall porosity.
Cross-section area losses in the range of 10e15% compared to the reference specimens could be deduced.
The subsequent derivation of the actual tensile strength exhibits smaller differences between the room
and high temperature exposed specimens while curing. Regardless of the short-term material strength,
the observed porosity might be subject of important durability issues on a long-term and needs further
investigation.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
In civil engineering applications, cold-curing or low-temperature
adhesives are used for bonding Carbon Fiber Reinforced Polymer
(CFRP) strips to concrete with the aim of upgrading the structure’s
load carrying capacity [2e5]. The designation (cold-curing) refers
to the fact that these resins cure under ambient temperature after
the different components have been mixed. Generally, each speciﬁc
epoxy product has a more or less deﬁned ’pot-life’, after which the
viscosity drastically increases and thus prevents a proper work-
ability and a proper bond to the substrate. For practical applicationsearch Laboratory, Swiss Fed-
gy (Empa), 8600, Dübendorf,
ls).in structural retroﬁtting, operators generally prefer to stay below
25 C in order to avoid difﬁculties during the installation process.
After a proper epoxy mixing and application, the necessary curing
duration for a sufﬁcient bond strength and hence an adequate
stress transfer under load is also highly depending on the outer
temperature. Investigations by Moussa et al. [6] on cold-curing
commercially available adhesives showed that signiﬁcant differ-
ences in strength and stiffness developments are observed when
operating at low temperatures (5e10 C) compared to higher values
above 25 C. Especially at 0 C, no curing was possible anymore.
Inversly, the necessary curing duration for an epoxy adhesive to
develop a sufﬁciently high strength for force transfer can be sub-
stantially shortened under elevated temperature. For instance, in
Michels et al. [7] the inﬂuence of different curing conditions (room
temperature and accelerated curing under high temperatures of
about 90 C) on the glass transition temperature was experimen-
tally investigated on three different commercially available epoxies.
Fig. 1. Specimen dimensions [mm], Michels et al. [1].
Table 1
Mixing and curing characteristics of the tested series.
Series Epoxy type Vacuum mixing Curing (Post-) curing time
1 S&P 220 No AC þ RT 30 min
2 S&P 220 No AC þ RT 1 day
3 S&P 220 No AC þ RT 3 days
3 V S&P 220 Yes AC þ RT 3 days
4 S&P 220 No RT 1 day
5 S&P 220 No RT 3 days
6 S&P 220 No RT 7 days
6 V S&P 220 Yes RT 7 days
7 Sikadur-30 No RT 3 days
8 Sikadur-30 No AC þ RT 1 days
9 Sikadur-30 LP No AC þ RT 30 min
10 Sikadur-30 LP No AC þ RT 1 day
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case accelerated curing was performed, thus indicating its beneﬁcal
effect. Whereas curing generally occurs under ambient tempera-
tures and takes often at least 24 h prior to being able of any force
transfer, some application techniques even require an accelerated
curing procedure at elevated temperature. The so-called ’gradient
anchorage’ [1,8e17], foresees a segment-wise, gradual prestress
force decrease at both strip ends. The used epoxy adhesive is cured
at high temperatures for about half an hour in order to exhibit a
faster strength and stiffness development and thus be able to
repeat a gradual force decrease at the strip ends in a sufﬁciently
short time with regard to the pot life. Several investigations on
laboratory-scale level have been carried out at Empa over the last
years. Lap-shear and prestress-force releasing tests have docu-
mented the optimized heating durations for accelerated curing in
order to reach the highest anchorage resistances for a speciﬁc bond
length [11,18]. Structural efﬁciency of prestressed CFRP strips with
gradient anchorage also has been demonstrated with application
on several large-scale reinforced or prestressed concrete [14,19,20].
This paper presents a study on how the mechanical perfor-
mances, namely the unidirectional tensile strength fa,u as well as
the elastic modulus Ea are affected when cold-curing adhesives are
subjected to accelerated curing at high temperatures compared to
curing at ambient temperatures. The idea for the presented inves-
tigation results from several observationsmade on the test object of
the cited references after testing. Higher porosity of the epoxy
adhesive after accelerated curing was apparent. Even though the
short-term structural efﬁciency was satisfying, durability issues
should never be neglected. The goal of the presented tests is to
quantify both tensile strength and stiffness after different curing
procedures and ages as well as to assess the porosity of the used
specimens by means of a self-developed analysis tool with a
commercial programming environment (Matlab).
2. Materials, specimens and test setup
2.1. Materials
In the present investigation, three commercial epoxy adhesives,
namely S&P Resin 220, Sikadur 30 and Sikadur 30 LP (Long Pot), are
investigated. All three products are two-component thixotropic
materials most commonly used for bonding carbon ﬁber reinforced
polymer (CFRP) strips on concrete, steel, or timber. Several material
characteristics are listed in the respective product data sheets
[21e23]. All three products are commonly used in Europe for
structural retroﬁtting purpose.
2.2. Specimen preparation and curing conﬁguration
Specimens were prepared in a teﬂon mould in which the mixed
epoxy is ﬁlled in. They had a length of 185 mm and a thickness t of
5 mm in a dogbone shape. The small test width b was 10 mm (see
Fig. 1). In total, 12 series with each time 6 specimens were tested
with one speciﬁc epoxy type after different curing conditions.
Table 1 summarizes the preparation and curing characteristics of
the different series. Mainly the following two differences have to be
pointed out:
 The ﬁrst difference lies in the curing conditions. While some
specimens were cured under room temperature (RT) at 21 C
(the adhesive temperature Ta was in this case also about 21 C)
for 1, 3, or 7 days, the other series underwent accelerated curing
(AC) during a time span of tacc of 25 min at about Ta ¼ 90 C
[1,11,18]. These specimens subsequently underwent additional
curing at room temperature for a determined duration prior totesting. For the specimens that underwent AC, curing time is
through the whole paper indicated with the addition ’(Post-)’,
meaning the duration from the start of cooling on until the test.
Both temperature evolutions are presented in Fig. 2 (x-axis not
scaled). Background of this conﬁguration is the earlier
mentioned gradient-anchorage technique for externally bonded
CFRP strips in concrete strengthening.
 The second differentiation is made between mixing under a)
ambient conditions and b) mixing under vacuum. The vacuum
procedure was adopted in order to minimize air inclusion in the
ﬁnal mixture. The used vacuum mixer is presented in Fig. 3.2.3. Test setup
The ISO 527-2:1993(E) standard [24] was followed in order to
test the tensile properties. The setup presented in Fig. 4. The tests
Fig. 2. Evolution of specimen temperature Ta in time and ﬁnal testing age.tage.
Fig. 3. Vacuum mixer.
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1 mm/min in a servo-controlled machine (type ’Zwick/Roell Z0200).
A clip gauge with a base length of 50 mm (accuracy class of 0.5,
according to ISO 9513:1999 [25]) was mounted at the middle of
each specimen for evaluating the strain during the test (see Figs. 1
and 4). A load cell with 20 kN of maximum capacity (accuracy class
of 1, according to ISO 7500e1:2004 [26]) was used to measure theFig. 4. Photo of the test setup.applied forces. Prior to the tensile tests, the geometry of all the
specimens was assessed using a digital caliper. The thickness t and
width b were measured at the top, middle and bottom section
(Fig. 6).
2.4. Failure surfaces and microscopic analysis
For each test series, the specimen exhibiting strength value the
closest to the serie’s average strength was taken for a more detailed
inspection of the fracture surface. Prior to taking microscope pho-
tographies, all retained specimens were placed in a special mould
ﬁlledwith a transparent resin (Fig. 5). Subsequently, with the aim to
dispose of a suitable surface for the microscope photography, the
surfaces were grinded in the end. The aim of the investigation was
to obtain ﬁrst qualitative information about how the accelerated
curing at high temperatures affected the epoxy’s appearance.
3. Results and discussion
3.1. Experimental results
Tensile stresses sa and ultimate strength fa,u are nominal values
and obtained by dividing the failure load Fu by an average cross-
section area Aavg (Eqs. (1) and (2)), representing the mean value
of the measured areas A1, A2, and A3 presented in Fig. 6 (Eq. (3)).
Strains εa are evaluted by dividing the clip gauge’s measured
Fig. 5. Microscope specimen preparation.
Fig. 6. Locations of the measured cross sections A1, A2, and A3 for the tensile test
dogbone specimens.
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sa ¼ FaAavg (1)
fa;u ¼ Fa;uAavg (2)Aavg ¼
P3
i¼1Ai
3
(3)
The elastic modulus Ea is evaluated according to the ISO
527e2:1993(E) [24]. It is suggested to evaluate the secant modulus
between strains of 0.05 and 0.25%. In this case, however, since for
some specimens maximum strains lower than 0.25% were
observed, a maximum of 0.15% was taken into account [1].
Stress-strain (saεa) diagrams of the different tensile test series
with all three resins are shown in Figs. 7 and 8, respectively. The
resulting average tensile strengths fa,u and elastic modulus Ea values
are given in Table 2. Their evolution in function of time is presented
in Fig. 9. A direct comparison of average values of all series per-
formed with S&P Resin 220 (Series 1e6 V) are summarized in
Fig. 10. For series 3, 4, and 5, strength and stiffness evaluation has
been performedwith a slightly rediced number of specimens due to
a very strong deviation from the series average. These specimens
(two specimens for Series 4 and one specimen for Series 4 and 5)
have been marked on the graphs in Fig. 7.
A ﬁrst result is a distinct strength and stiffness development of
the epoxy resin after an initial exposure at high temperatures. After
an additional 30 min at room temperature, an average strength of
12 MPa and 19.8 MPa for the S&P Resin 220 and Sikadur 30 LP,
respectively, can be obtained. The corresponding elastic moduli are
4.8 GPa and 8.3 GPa. Secondly, a uniaxial tensile strength increase
with an ongoing curing duration at room temperature can be
observed. The same is valid for the elastic modulus. Both curing
Fig. 7. Stress-strain diagrams for S&P Resin 220 under different curing conditions (series number according to Tables 1 and 2).
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stronger pronunciation for the specimens that underwent an initial
accelerated curing. This strength increase, however, moves
asymptotically towards a limit value after a certain time span. This
is in accordance to the observations presented in Czaderski et al.
[11], where the necessary time span to reach the ultimate strength
under different temperatures is investigated for the S&P Resin 220.
Similar conclusions are presented in Moussa et al. [6] and Granja
et al. [27]. Lapique and Redford [28] also come to similar conclu-
sions, showing that for the speciﬁc epoxy used in their study, 28
days of curing at room temperature are necessary to reach the same
tensile strength as after only 4 h at 64 C. The reader is also invited
to consult experimental investigations by Moussa et al. [29] on
long-term strength development after post-curing. For the epoxy
type S&P Resin 220 cured at room temperature, the following Eq.
(4) for an autocatalytic material behavior described byMoussa et al.
[6] was used to predict the strength evolution in time:
fa;uðtÞ ¼ f0  f∞
1þ

t
tm
s þ f∞ (4)
f∞ represents the maximum tensile strength that can be reached,
and was taken in this case as the value reached after 3 days (72 h).
This seems justiﬁed, since after 7 days of curing, no additional
strength increase could be noticed in the tests with the S&P Resin
220 specimens (Series 5 and 6). tm is the necessary curing time for
reaching a tensile strength of f∞/2. Finally, s is the power deter-
mining the curve slope. The initial tensile strength f0 is 0 MPa. Byminimizing the square root of the error squares sum, an optimum
value for s could be found. The curve is plotted in Fig. 9 a) along
with the experimental values.
At the same age, specimens of Series 1 to 6 (S&P Resin220) that
previously underwent accelerated curing eventually show lower
ﬁnal nominal tensile strength. Similar results, but less pronounced
are presented in Czaderski et al. [11]. A closer look to Table 2 and
Figs. 7 and 8 reveals that the dispersion of the results seems on
average a bit higher for specimens with an initial accelerated curing
than for the ones fully cured at room temperature. This observation
could be attributed to a higher randomness of cross-linking at
higher temperature. Furthermore, for S&P Resin 220 tests, the
specimens only cured at room temperature exhibit a slightly less
brittle behavior towards the ultimate strength with a progressive
decrease in stiffness. This reﬂects as well in higher ultimate strains
for the specimens purely cured at room temperature. Among the
latter, 3 or 7 days of curing results in a clearly higher initial stiffness
together with a lower ultimate strain at failure compared to the
specimens that are 1 day old. Similar experimental results are given
by Granja et al. [27].
When comparing both Sikadur 30 resins to the S&P 220, it be-
comes obvious that the latter exhibits clearly lower strength values.
As shown in Table 2 for a purely room temperature curing, Series 7
(Sikadur 30) shows an average ultimate tensile strength after 3 days
of 24.4 MPa, whereas Series 5 (S&P Resin 220) only offers 20.6 MPa
of tensile capacity. The same observation is made for initially
accelerated curing. Whilst Series 8 (Sikadur 30) and 10 (Sikadur
30 LP) exhibit strength values of 27.6 and 23.8 MPa, respectively,
Series 2 (S&P Resin 220) is limited to 13.3 MPa. Similar evolution of
Fig. 8. Stress-strain diagrams for Sikadur 30 and Sikadur 30 LP under different curing conditions (series number according to Tables 1 and 2).
Table 2
Nominal average tensile strength fa,u and average elastic modulus Ea for each series
(s.d. ¼ standard variation, C.o.V. ¼ coefﬁcient of variation).
Series fa,u [MPa] s.d. [MPa] C.o.V. [%] Ea [GPa] s.d. [GPa] C.o.V. [%]
1 12.0 2.6 22 4.8 0.9 19
2 13.3 2.7 20 6.1 0.5 9
3 14.8 2.8 19 5.8 0.6 10
3 V 32.4 4.8 15 10.9 0.4 3
4 17.7 0.4 3 5.0 0.5 9
5 20.6 1.2 6 7.9 0.1 1
6 20.7 2.3 11 8.7 0.5 6
6 V 29.6 7.6 26 12.0 0.5 4
7 24.4 4.6 19 8.2 1.7 21
8 27.6 3.3 12 10.9 0.5 4
9 19.8 4.2 21 8.3 0.4 4
10 23.8 3.6 15 8.5 0.7 8
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A last interesting observation is a drastically higher tensile
strength and stiffness in case the mixing of the two-component
resin S&P Resin 220 takes places in a vacuum mixer. Fig. 7 c) and
f) present comparisons after 3 and 7 days of room temperature
curing. Series 3 V has a 2.2 times higher tensile strength than the
corresponding Series 3 with no vacuummixing. In case of Series 6 V
compared to Series 6, the increase factor is 1.4. Similar enhance-
ments could be observed for the stiffness with factors of 1.9 and 1.4
for both Series 3 (and 3 V) and 6 (and 6 V), respectively.3.2. Porosity and actual strength
3.2.1. Visual inspection of the failure surfaces
For each test series as referred before, the test specimen
exhibiting the tensile strength value the closest to the average se-
ries value fa,u was taken for further investigation regarding the
Fig. 9. Tensile strength and elastic modulus in function of the (post-) curing time.
Fig. 10. Average strength values for S&P Resin 220 specimens in relation to the curing
type and duration.
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qualitatively investigating the microscope photos for Series 1 to 3
and 8, it becomes obvious that porosity has drastically increased
when high temperature is initially applied to the uncured epoxy
(Series 9 and 10 both underwent accelerated curing, and no refer-
ence specimen has been tested). Regarding product differences, it
seems that Sikadur 30 and Sikadur 30 LP (Series 8 to 10) exhibit less
porosity than the corresponding tests with S&P Resin220 (Series 1
to 3). Mixing the epoxy resin under vacuum, however, strongly
reduces if not almost annihilates the porosity devlopment. When
comparing the photos for Series 3 and 3 V (accelerated curing) as
well as 6 and 6 V (room temperature curing), respectively, the effect
is obvious. This characteristic might be related to two differentreasons: i) Using an automatic mixer under vacuum prevents
including ambient air into the ﬁnal mix (see photos of Series 4, 5,
and 6), ii) A small smoke-like evaporation appearance at the
moment of the vacuum application was observed and could indi-
cate the escape of a component. Since Series 6 V did not undergo
accelerated curing and was not inﬂuenced by an increased porosity,
this component might be partially responsible for the increase in
porosity when no vacuum mixing is performed. The accelerated
curingwith this type of epoxymaterial without any vacuummixing
might provoke the evaporation of this volatile component. How-
ever, due to the restraint boundary conditions in the mould, the
evaporation is prohibited and thus results in an increased porosity.
3.2.2. Actual strength values
A Matlab-based code was established in order to evaluate the
relative loss of cross-section area due to an accelerated curing at
high temperatures. Fig. 12 presents the summarized procedure that
was followed on one specimen’s fracture surface. The code loads
the initial microscope image, and subsequently the user has to
manually perform a ﬁrst brightness adjustment. The photo in
Fig. 12 b) now contains the pores as well as some darker pigments
from the epoxy matrix. These are in their totality smaller than the
pores. Additionally, they also exhibit a much more irregular shape
than the more circular/elliptical appearance of the real voids.
Hence, in a second step, additional shape and size excluding criteria
based on combined probability are implemented. The photo shown
in Fig.12 c) represents the ﬁnally retained section for the evaluation
of the pore ratio in section r. It is emphasized that the evaluation
technique contains several criteria, for which setting the treshold
values (brightness, shape, size) required the personal engineering
judgement of the operator. Each specimen analyzed had to be
treated separately and the graphic results analyzed in a careful
manner, no fully automatic procedure was established.
Table 3 presents the results of the effective tensile strength
derivation by the previously presented fracture surface analysis. For
instance, the area of the pores Apores,tr after the ﬁrst brighness
treshold is shown together with the ﬁnal pores area Apores obtained
after including the shape and size criteria. Since only the fracture
surface and not the complete specimen volume was investigated,
nominal tensile strength of the considered specimen fa,u,sp is in this
case deducted by dividing the ultimate load Fu,sp by the complete
fracture surface section Atot, opposite to the averaging technique
Fig. 11. Microscope photos of one failure cross section for each series.
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tensile strength is then deducted by dividing the ultimate load Fu,sp
by the reduced surface AtotApores. Table 3 and Fig. 13 show the
results for the different categories. The pores ratio in section r is
obtained by evaluating Apores/Atot. First of all, it is visible in Table 3
and Fig. 13 that conventional mixing by hand a subsequent curing
at room temperature resulted in porosity ratios between 2.5 and
3.5%. If the mixing is performed under vacuum, however, porosity
can be reduced to approximately 0.5%. Furthermore, if an acceler-
ated curing at elevated temperatures is performed prior to an
additional room temperature curing, pore ration cleary increases
up to values between 12 and 17% for resin types S&P Resin 220 and
Sikadur 30, and to about 9.5% for Sikadur 30LP. Independently if a
nominal or effective value is considered, mixing under vacuum
results in drastic strength increases by a factor about 2 and 1.6 for
an accelerated or full room temperature curing, respectively. In
terms of pore presence, the results conﬁrm what has been previ-
ously described in a qualitativemanner in Section 3.2.1. Accelerated
curing involved a clearly reduced cross-section area compared to
the reference tests due to an increased presence of voids. This
increased porosity is on average more pronounced for S&P Resin
220 and Sikadur 30 specimens than for Sikadur 30 LP samples. The
differences in effective strength values are less pronounced than in
case of nominal values (see Fig. 14). A suprising observation is thefact that the effective strength fau,eff, taking into account the
reduced cross-section area due to the porosity, is lower for speci-
mens that underwent an initial acceleratee curing compared to the
ones fully cured at room temperature with the same age. This can
be observed when comparing Series 2 to Series 4 (specimen age 1
day) as well Series 3 to Series 5 (specimen age 3 days). Due to a
more pronounced chain cross-linking when applying an initial
curing at elevated temperatures in addition to one at room tem-
perature, one might one hand expect am improved effective tensile
strength. On the other, random cross-linking might occur and
hence result in a less favorable quality of the chain formation. In
this case, lower strength values were observed. An additional
possible explanation might be an irregular and thus unfavorable
stress distribution with a more elevated porosity. The irregular
cross-section could implicate stress peaks at the void tips, hence
leading to a premature fracture, compared to a more even and
hence favorable stress distribution over the specimenwidth in case
no pores (or less) are present. This less homogeneous stress transfer
could also be an explanation of the higher strength deviation in
case of an accelerated curing, along with a possible higher
randomness of cross-linking (see Section 3.1).
Fig. 12. Different steps during the evaluation of the pore presence in a specimen’s
fracture surface.
Fig. 13. Porosity ratio in the fractured sections.
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The presented results allow to draw a certain number of con-
clusions regarding the pore ratios as well as strength and stiffness
development of cold-curing epoxy adhesives.
 Normal epoxy mixing by hand followed by a curing at room
temperature results in porosity values between 2.5 and 3.5%,
measured in the failure cross-section. It is precised that the
indicated values are valid for the resins tested in this study. They
cannot be generalized to other cases, such as the presence of
ﬁllers for instance.
 An initial mixing of the resin components under vacuum dras-
tically reduces the porosity ratio in the failure cross-section toTable 3
Porosity evalation results and effective tensile strength (Atot ¼ total cross-section area
brightness treshold), Apores¼ total pores area at the failure location, r ¼ porosity ratio in th
of the series, fa,u,sp ¼ Nominal unidirectional tensile strength of one tensile specimen, fa,
Atot [mm2] Apores,tr [mm2] Apores [mm2]
1 40.89 8.04 5.76
2 48.90 8.29 5.66
3 46.53 10.55 7.99
3 V 42.29 0.25 0.15
4 44.39 1.68 1.09
5 42.27 1.98 1.16
6 51.31 2.97 1.75
6 V 45.86 0.30 0.23
7 48.88 2.55 1.56
8 46.79 11.41 7.11
9 48.60 7.21 4.43
10 47.05 7.13 4.54approximately 0.5% for both curing procedures at room and at
elevated temperature. Nominal strength increases in both cases.
 An initial epoxy exposure to high temperature of 80e90 C for
25 min accelerates the curing and allows for a much faster
strength and stiffness development. However, this accelerated
curing also involves a stronger porosity of the herein investi-
gated materials. Values for the porosity ratio in the failure sec-
tion of around 9.5 and 17% have been observed in this study,
depending on the used product. Nominal strength and elastic
modulus is therefore lower than the corresponding ones for
specimens cured at room temperature with the same age. It was
found that even the effective strength, taking into account the
porosity and only calculating with a net cross-section, is also
lower for the accelerated curing specimens. A reason might be a
less favorable stress distribution over the cross-section due to
the pores.
 The epoxy specimens cured for short periods up to 3 days
showed a large scattering. This can be considered an indication
that the curing process is still ongoing at that moment, and that
a larger time span has to be considered for an almost full curing.
 The developed numerical code, by analyzing a photo of the
failure cross section, gave the possibility to evaluate the effective
tensile strength by estimating the level of porosity and hence
fracture surface loss. Especially for specimens that initiallyat the failure location, Apores,tr ¼ total pores area at the failure location after ﬁrst
e cross-section, Fa,u,sp ¼ ultimate tensile force of specimen closest to the mean value
u,eff ¼ effective tensile strength of the epoxy.
r [%] Fa,u,sp [N] fa,u,sp [MPa] fa,u,eff [MPa]
14.10 514 12.6 14.6
11.57 698 14.3 16.1
17.16 648 13.9 16.8
0.36 1308 30.9 31.0
2.46 779 17.5 18.0
2.73 903 21.4 22.0
3.40 1153 22.5 23.3
0.50 1556 33.9 34.1
3.19 1392 28.5 29.4
15.19 1195 25.5 30.1
9.12 1083 22.3 24.5
9.65 1056 22.5 24.9
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Fig. 14. Nominal and effective tensile strength of the respective test specimen for each
tested series.
J. Michels et al. / Composites Part B 98 (2016) 434e443 443underwent an accelerated curing process, the effective tensile
strength is clearly higher than the nominal one. The difference
to the nominal strength values for room temperature cured
specimens is much smaller, and almost non existant for the ones
with an initial product mixing under vacuum.
 Future research should investigate the effects of an increased
porosity on the durability of retroﬁtted structures. Especially
cases for which an accelerated curing under high temperatures
was applied, the increased porosity might facilitate penetration
of deterioration agents and hence might considerably affect the
overall long-term efﬁciency of the strengthening method.
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